Obstructive sleep apnea (OSA) and diabetes has been known to be closely related to each other and both diseases impact highly on the public health. There are many evidence of reports that OSA is associated with diabetes with a bidirectional correlation. A possible causal mechanism of OSA to diabetes is intermittent hypoxemia and diabetes to OSA is microvascular complication. However, OSA and diabetes have a high prevalence rate in public and shares the common overlap characteristic and risk factors such as age, obesity, and metabolic syndrome that make it difficult to establish the exact pathophysiologic mechanism between them. In addition, studies demonstrating that treatment of OSA may help prevent diabetes or improve glycemic control have not shown convincing result but have become a great field of interest research. This review outlines the bidirectional correlation between OSA and diabetes and explore the pathophysiologic mechanisms by approaching their basic etiologies.
INTRODUCTION
Historically, obstructive sleep apnea (OSA) was mistakenly recognized as the Pickwickian syndrome based on observations of obese persons exhibiting symptoms of snoring and sleepiness akin to a character portrayed by Charles Dickens' Pickwick Papers from the early 19th century [1] . It was not until the second half of the 20th century when OSA was established as a standalone entity apart from obesity hypoventilation syndrome [2] . The contemporary definition of OSA is the presence of recurrent respiratory events during sleep characterized by upper airway resistance with continued respiratory effort [3] . Although the main cause of OSA is anatomic narrowing of the upper airway, factors such as pharyngeal muscle responsiveness, central neurohormonal control of breathing, and awakening response to obstruction all play an intricate pathophysiologic role [3] .
Adverse effects of OSA can be considered as primary and secondary. The primary effect of upper airway obstruction results in oxygen desaturations, hypoxia, and sleep fragmentation [4] . Secondary effects are more complex and less well described, but result in destabilization of sleep homeostasis and unfavorable changes to the cardiometabolic system [5] . Current research has not clearly distinguished the metabolic outcomes related to OSA induced intermittent hypoxia or recurrent arousals with sleep fragmentation. It may be that these processes share adverse physiologic effects on systemic inflammation, sympathetic surge, and glucose intolerance. In this review, we outline the bidirectional relationship between OSA and metabolic syndrome and discuss the available data on the mechanisms involved.
DIAGNOSIS OF OBSTRUCTIVE SLEEP APNEA
Based on current 3rd international classification of sleep disorders (ICSD-3) manual, two diagnostic criteria for OSA are proposed. In clinical practice, the diagnostic criteria most commonly fulfilled is based on a combination of OSA compatible symptoms such as habitual snoring, witnessed apneas, awakening with choking or gasping, insomnia, and daytime fatigue or sleepiness along with a sleep study that demonstrates five or more obstructive respiratory events per hour of sleep. Comorbid diseases unrelated to sleep, such as hypertension, coronary artery disease, stroke, heart failure, atrial fibrillation, or diabetes, may be counted in lieu of symptom criteria. Alternatively, a sleep study with 15 or more obstructive respiratory events per hour of sleep meets diagnostic criteria (Table 1) .
Specific scoring rules define types of obstructive respiratory events captured on a sleep study that includes apnea, hypopnea, or respiratory effort related arousal (RERA). Apnea refers to a cessation of breathing of at least 10 seconds generally but not always associated with oxygen desaturation. Hypopnea refers to shallow breathing of at least 10 seconds that must be associated with oxygen desaturation or result in an arousal from sleep. RERA refers to any breathing disturbance of at least 10 seconds not meeting above criteria resulting in an arousal from sleep.
The ICSD by American Academy of Sleep Medicine includes two definitions for hypopnea. The recommended hypopnea definition requires a 30% reduction in nasal pressure signal for 10 seconds or longer in association with either an arousal or 3% or greater arterial oxygen desaturation. The alternative definition of hypopnea requires a 30% or greater reduction in the nasal pressure signal associated with a 4% or greater arterial oxygen desaturation [6] .
A feature of apnea is the occurrence of intermittent hypoxia during sleep. Hypopnea has features of both intermittent hypoxia and arousal which leads to sleep fragmentation. RERA is mostly associated with unexpected arousals during sleep.
Furthermore, OSA severity is determined by the number of obstructive respiratory events per hour of sleep. The most commonly used parameter in clinical practice and research studies is the apnea-hypopnea index (AHI), a summation of apneas and hypopneas. AHI of <15, 15 to <30, and ≥30 correlates to mild, moderate, and severe OSA respectively. The respiratory disturbance index (RDI) defined as the AHI plus RERA index may also be used as a more inclusive index. However, it is less often used in research and cutoffs points for assessing severity are less clear. RDI is not defined in the ICSD-3 criteria but may have a clinical significance when certain comorbidities like cardiovascular disease, diabetes, hypertension are present [2] .
EPIDEMIOLOGY OF OSA AND DIABETES MELLITUS
Prevalence of OSA is challenging to define due to changes in Table 1 . Diagnostic criteria for obstructive sleep apnea: (A and B) or C satisfy the criteria A. The presence of one or more of the following:
1. The patient complains of sleepiness, nonrestorative sleep, fatigue, or insomnia symptoms.
2. The patient wakes with breath holding, gasping, or choking.
3. The bed partner or other observer reports habitual snoring, breathing interruptions, or both during the patient's sleep. 4 . The patient has been diagnosed with hypertension, a mood disorder, cognitive dysfunction coronary artery disease, stroke, congestive heart failure, atrial fibrillation, or type 2 diabetes mellitus.
B. PSG or OCST demonstrates:
1. Five or more predominantly obstructive respiratory events (obstructive and mixed apneas, hypopneas, or RERAs) per hour of sleep during a PSG or per hour of monitoring (OCST).
C. PSG or OCST demonstrates:
1. Fifteen or more predominantly obstructive respiratory events (apneas, hypopneas, or RERAs) per hour of sleep during a PSG or per hour of monitoring (OCST).
PSG, polysomnography; OCST, out of center sleep testing; RERA, respiratory effort related arousal. consensus definitions of OSA over time, the population sampled, and variance in diagnostic criteria from epidemiologic research. In general population, OSA patients with daytime somnolence occurs in 3% to 7% of adult male and 2% to 5% of adult female [7] . OSA prevalence, however, is as high as 24% in males and 9% in females using only an AHI criterion of ≥5/ hour [4] . Although including population of moderate-to-severe OSA (AHI ≥15/hour) patients only, the prevalence was increased as high as 23.4% (95% confidence interval [CI], 20.9 to 26.0) in woman and 49.7% (95% CI, 46.6 to 52.8) in males fulfilling the criterion of 3% oxygen desaturation event [8] . In part, much of the increase is driven by increasing trends in obesity, but also a relaxation of OSA diagnostic criteria due to updated practice guidelines. Previously, authors used hypopnea scoring as 4% oxygen desaturation only or 4% oxygen desaturation/arousal during respiratory event. Recent studies mostly use the criteria of 3% oxygen desaturation or arousal that result in the higher prevalence rate (Table 2 ) [8] [9] [10] [11] [12] [13] [14] [15] . The prevalence of OSA in people with type 2 diabetes mellitus (T2DM) is higher than the general population and increases further as OSA severity increases [9] . An OSA prevalence of 86% was observed in 306 people with T2DM with severe obesity body mass index >36.5±5.8 kg/m 2 and waist circumference >115.0±13.0 cm [16] . The fact that a high prevalence of OSA has been reported in a type 1 diabetes mellitus (T1DM) adult population raises the possibility of this disorder being associated with not only excess adiposity but also hyperglycemia itself [17] . The prevalence of moderate to severe OSA (AHI ≥15) was 10.3% in T1DM [18] and 46.3% in long-standing T1DM with 29±14 years duration [19] . It is known that T2DM and OSA are closely related and have a major impact on public health [20] . Both diseases are highly prevalent and share common risk factors such as older age and metabolic syndrome which make it difficult to elucidate causal relationships. Many people with OSA are diagnosed with incident T2DM and vice versa [21] , yet whether these two conditions are associated causally or reflect a common association with a third factor is not understood.
A possible mechanism linking OSA causally to T2DM is intermittent hypoxia which may provoke β-cell dysfunction and insulin resistance [22] . An alternative hypothesis is an increase in epinephrine, norepinephrine, and cortisol secretion that leads to increased gluconeogenesis and decreased glucose uptake in association with oxyhemoglobin desaturation and hypercarbia [23] . Moreover, it was observed that glucose control represented by higher glycosylated hemoglobin levels was poorer in patients with more severe OSA [24] . Since OSA is more likely in persons who are overweight and obese, and since excess body weight is also a major risk factor for T2DM, whether the T2DM association with OSA is due to OSA mediated changes in glucose metabolism or simply reflects an association in common with excess adiposity is not well understood.
PHYSIOLOGIC INTERCONNECTIONS BETWEEN OSA AND DIABETES MELLITUS
Obesity, OSA, sleep, and metabolic dysregulation are intricately connected. Sleep disturbance may promote behavioral, metabolic, and/or hormonal changes with weight gain. In OSA, the greater energy expenditure due to increased resting metabolic rate may induce a compensatory neuroendocrine adaptation to increase hunger and food intake beyond the requirements of energy balance [25] . This results in positive energy balance and a higher risk of obesity which promotes dyslipidemia, an inflammatory state, and lower insulin sensitivity [26] . OSA diagnosed by polysomnography can be described as a pathophysiologic condition characterized by intermittent hypoxia and arousal. The physiologic changes associated with these two states include oxidative stress due to intermittent hypoxia and sympathetic surge due to arousal. We will describe these phenomena in more detail below.
Hypoxia associated physiologic changes
Glucose homeostasis is impaired by hypoxia that is associated with OSA. Research in 150 middle-aged overweight males with sleep disordered breathing demonstrated a higher odds for worsening glucose tolerance (odds ratio, 1.99; 95% CI, 1.11 to 3.56) in association with a 4% decrease in oxygen saturation [27] . It has also been demonstratedin in vivo kinetic research of glucose metabolism that OSA with severe desaturation impairs insulin sensitivity, glucose effectiveness, and pancreatic β-cell function [28] .
Additional clinical research supports and association between hypoxemia and hyperglycemia. Patients with chronic hypoxic respiratory disease showed significantly higher plasma glucose than healthy age and sex matched controls [29] . Exposure to high altitude and related hypoxia has been shown in males to reduce insulin sensitivity [10, 30] . Even intermittent hypoxia during wakefulness induced a 17% reduction in insulin sensitivity without an increase in insulin secretion [31] . These findings support the plausibility of an association between OSA induced hypoxia and higher risk of T2DM (Fig. 1) .
Hypoxic may cause a stress-related increase in hypothalamic-pituitary-adrenal axis activity and higher circulating cortisol concentration. Cortisol interferes with glucose metabolism and increases risk of diabetes [32] [33] [34] . It has multiple effects on glucose metabolism including inhibition of insulin secretion by modifying β-cell function, increasing hepatic gluconeogenesis, and activation of lipoprotein lipase which modulates nonesterified fatty acids that can decrease insulin sensitivity [32, 35] . Intermittent hypoxia can also increase sympathetic activity. Hypoxia with hypercarbia in OSA patients elicits baroreflex dysfunction, altered cardiovascular respiratory variation, vasoconstrictor effects of nocturnal endothelin release and vascular endothelial cell dysfunction [5, 36] . Resulting higher sympathetic activity leads to higher blood pressure [23] . Sympathetic excitation can impair tissue sensitivity to insulin levels and result in resistance [37] .
Patients with OSA have higher levels of inflammatory cytokines [38] [39] [40] . An animal model study showed that intermittent hypoxia elevates cytokines and inflammatory mediators such as interleukin 1α (IL-1α), IL-1β, IL-4, IL-6, and IL-13 [41] . Increased levels of inflammatory mediators can worsen systemic or local inflammation. Intermittent hypoxia in OSA induces oxidative stress that triggers the release of inflammatory cytokines and vasoactive substances that may cause endothelial damage. Greater systemic inflammation and higher cytokine concentrations have been linked to greater insulin resistance [42] .
Arousal associated physiologic changes
Normal sleep architecture cycles between non-rapid eye movement (NREM) (N1, N2, N3 stages) and rapid eye movement (REM) sleep about four times per night. Among NREM sleep, N3 or slow wave sleep is the deepest stage and most important in terms of neurohormonal balance [43] . Arousals may disrupt the sleep cycle by reducing NREM sleep, preferentially stage N3. Subsequent suppression of slow wave sleep results in a 25% decrease in insulin sensitivity without a compensatory increase in insulin secretion [43] . Higher glycosylated hemoglobin levels of T2DM patients correlates with more fragmented sleep [44] . Another study reported that sleep fragmentation was associated with significantly higher fasting glucose and insulin concentrations in persons with diabetes [45] . Sleep fragmentation by arousals also increases sympathetic nervous system activity and this has inhibitory effects on insulin secretion while also decreasing insulin sensitivity [46] . Frequent arousals de-crease sleep efficiency and ultimately result in sleep deprivation. Recurrent sleep restriction reduces oral glucose tolerance and insulin sensitivity and increases epinephrine and norepinephrine concentration at nighttime [47] . Elevations of the concentrations of these counterregulatory catecholamines result in gluconeogenesis and elevated glucose concentration [48] . The sleep deprived state also reduces appetite regulating hormones such as leptin which increases hunger and predisposes to excess caloric intake leading to obesity and impaired glucose metabolism [49, 50] .
Both sleep fragmentation and deprivation elevate evening cortisol which may lead to morning insulin resistance [47] . Experimental studies of normal volunteers showed that sleep deprivation is associated with impaired glucocorticoid regulation and abnormal glucose tolerance [51, 52] . Insufficient sleep is related to reduced insulin sensitivity and higher risk of diabetes and short sleep duration of less than 6 hours increases the odds of both prediabetes and diabetes [53] .
The circadian rhythm is an endogenous physiologic process lasting approximately 24 hours regulated by the suprachiasmatic nucleus of the anterior hypothalamus, which serves as the central neural pacemaker of the sleep wake cycle [54] . This rhythm is also influenced by external stimuli such as the diurnal light-dark cycle. Multiple metabolic processes and the timing of hormonal secretion are regulated by this circadian rhythm [55] . Cortisol is low at the beginning of sleep onset, rises during the sleep cycle, and peaks just before the end of the sleep cycle. Growth hormone, prolactin, and parathyroid hormone show increased levels during sleep [56] . Arousals may destabilize the circadian rhythm by disrupting the normal sleep-wake cycle resulting in circadian misalignment. Circadian misalignment cause metabolic alterations associated with higher risk in diabetes [57, 58] . The disruption of circadian rhythm by alteration of behavioral cycles (sleep/wake, fasting/feeding, and activity schedules) effects glucose and lipid metabolism that may result in the development of obesity, hypertension, hyperlipidemia, and hyperglycemia [59, 60] .
Important neuroendocrine changes are associated with arousals from sleep. Melatonin is secreted by the pineal gland and levels peak at night. This hormone is controlled by the suprachiasmatic nucleus and modifies central circadian clock by light signal via the retinohypothalamic tract [56] . Sleep disruptions by arousals in OSA may modify circadian rhythm and melatonin secretion. Research has revealed lower melatonin levels in patients with OSA during night sleep assessed with the urinary 6-sulfatoxymelatonin/creatine ratio [61] . Melatonin receptor isoforms are detected in the pancreatic β-cells and α-cells, and melatonin has been shown to modulate insulin secretion [62] . More severe OSA was significantly correlated with lower nocturnal melatonin level, and low melatonin level was observed to be associated with poor glycemic control [63] . The fact that lower nocturnal level of melatonin was found in T2DM patients compared with controls suggests the possibility that lower melatonon concentration may increase T2DM risk [64] .
Arousals are known to increase sympathetic activity [65] . Patients with OSA have hyperactivity of the sympathetic nervous system with higher epinephrine/norepinephrine and urinary catecholamine levels following arousal [46] . Catecholamines increases hepatic glucose production and reduce insulin sensitivity and insulin-mediated glucose uptake [66] [67] [68] . Moreover, increased sympathetic activity has lipolytic effects, increasing levels of nonesterified fatty acids, which can worsen insulin sensitivity and glucose tolerance [69] [70] [71] . Systemic vasoconstriction is another untoward effect of greater sympathetic activity that decreases metabolic rate and glucose uptake in skeletal muscle [72, 73] . Sympathetic excitation can also interfere with insulin signaling or decrease insulin-mediated glucose uptake by adipocytes [37, 74] .
POTENTIAL EFFECTS OF DIABETES MELLITUS ON OSA Hyperglycemia
Diabetes may worsen OSA by altered responsiveness of the carotid body in the hyperglycemic state [75] . Chronic exposure to hyperglycemia attenuates carotid body discharge rate which causes degeneration of carotid body parenchyma and may lead to dampening of hypoxic reactivity [76] . Animal research showed that injection of glucose in the carotid sinus region when isolated from the vasculature reduced the electrical activity of carotid body chemoreceptors and increased their threshold to hypoxia [77] . Decreased sensitivity of the carotid body by hyperglycemia impairs ventilatory responses in mice and may therefore predispose to OSA in humans [78] .
Neuropathy
Multiple types of diabetic peripheral neuropathy (DPN) exists and may be roughly grouped into focal or diffuse varieties. Peripheral sensorimotor neuropathy usually involves distal extremities and can be characterized by a "stocking-glove" distribution with higher risk of development from longer exposure to or greater severity of hyperglycemia [79] . Symptoms of paresthesia, dysesthesia, and neuralgias are due to damage of small sensory fibers. Involvement of large fibers impairs proprioception and sensation to light touch. Autonomic neuropathy affects the sympathetic and parasympathetic nervous system resulting in, for example, decreased heart rate variability, neurogenic bladder, disorders of sweating, gastroparesis, erectile dysfunction.
The multiple types of diabetic neuropathy may impact the development or severity of OSA which is more often prevalent in diabetic patients with autonomic neuropathy. It is reported that 26% of those who have diabetes with autonomic neuropathy had mild OSA compared to non-autonomic neuropathy diabetic control group [80] . Autonomic neuropathy may have an impact on the chemical control of breathing by affecting central and peripheral chemoreceptors and glossopharyngeal, vagal, proprioceptive nerves [81] [82] [83] . Upper airway neuropathy might promote neuromuscular dysfunction of the upper airway dilator muscle leading to narrowing or closure of the upper respiratory tract [19, 84] .
POTENTIAL EFFECTS OF OBESITY ON OSA Obesity
Patients with DPN have a common overlap characteristic of obesity and metabolic syndrome. These conditions are related to increased adipose tissue which may lead to OSA by increased airway tissue [22] . One study showed that obese patients with OSA had excess fat accumulation in the tongue base compared to controls [85] . Increased tongue volume and deposition of fat at the base of tongue may contribute to the high incidence of OSA in obese people.
TREATMENT Melatonin
Melatonin treatment has been investigated as a means to cor-rect or limit the metabolic damage associated with OSA. Melatonin is a hormone that is used to treat insomnia or sleep disorders such as REM sleep behavior disorder, delayed sleep phase disorders, jet lag, or sleep problems associated with shift work [86] . In one animal study, melatonin supplementation showed reduced inflammation, insulin resistance, and microvascular damage from oxidative stress [87] . Another study showed that melatonin prevented endothelial dysfunction through alterations of nitric oxide and antioxidant enzymes concentrations leading to stabilization of vascular inflammation [88] . However there is an evidence that melatonin blocks insulin secretion and has a potential adverse effect of diabetes in the future [89] . Serum melatonin level in patients with OSA is abnormally low [90] , but no consensus exists whether melatonin supplementation may be beneficial in T2DM patients with OSA.
Lifestyle modification
As obesity is the critical risk factor for OSA and diabetes, weight reduction attenuates the severity of both diseases. Effective weight loss that is maintained has lasting beneficial effects on energy metabolism, and helps to prevent adverse metabolic and cardiovascular events [91] . Lifestyle modification in patients with OSA and diabetes has multiple benefits including weight reduction and improvements in both severity of OSA and glucose control [92] .
Continuous positive airway pressure
Continuous positive airway pressure (CPAP) is the first line treatment of OSA. However, it is not clear whether it has a favorable effect on glucose metabolism [93] [94] [95] . Some studies failed to show improvement of insulin sensitivity assessed by both homeostasis model assessment and euglycaemic hyperinsulinaemic clamp in OSA patients that used CPAP for about 5 hours a day over up to 3 months [96] [97] [98] [99] . Yet other studies demonstrated improved insulin sensitivity and glucose control after CPAP in obese patients with severe OSA [100, 101] .
Contrasting study results may stem from limitations with CPAP adherence and treatment duration. One study showed increased insulin sensitivity at 24 weeks but not at 12 weeks, which suggest the importance of longer exposure time to CPAP [102] . The influence of REM sleep which predominantly occurs during the second half of the sleep period is also important to consider, in that OSA related respiratory events are more severe secondary to REM-related muscle atonia [103] .
Poor CPAP adherence will often result in lack of adequate treatment during the later portion of the sleep period since therapy is most frequently stopped a few hours into the sleep period, resulting in greater patient exposure to REM-related OSA.
CPAP will not only prevent hypoxic events, but also reduce arousals and nocturnal sympathetic activity, ultimately leading to improved sleep continuity [104] . Potential adverse metabolic effects of OSA such as higher levels of inflammatory cytokines and leptin may also be decreased by CPAP [105] [106] [107] . Presumably, based on mechanisms described above, the end effect is improved glycemic control. However, based on available data, this still remains debatable.
CONCLUSIONS
The relationship between OSA and diabetes is bidirectional. OSA induced intermittent hypoxia and arousals may result in decreased insulin sensitivity, sympathetic excitation, and systemic inflammation that eventually lead to diabetes. At the same time, uncontrolled glucose may desensitize the carotid body and pharyngeal dilator muscle that promote sleep disordered breathing in OSA. Obesity and diabetic neuropathy may worsen OSA disease severity.
Treatment of OSA with melatonin lacks evidence, whereas, lifestyle modification with weight loss is strongly recommended for the management of OSA and diabetes. Treatment with CPAP is useful as it remains first-line therapy for OSA and may stabilize other metabolic conditions resulting in improved glycemic control. Further research is needed to better understand the potential bi-directional associations between diabetes and OSA, which hopefully will help lead to the development of more effective prevention and treatment interventions.
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